Abstract
Does visual attention spread from the cued end of an occluded object to locations occupied by inferred portions of that object? We investigated this question using a probe detection paradigm with two-dimensional displays of occluded objects. Probes could appear in occluded or non-occluded locations on either a cued or non-cued object. Participants responded faster to probes appearing within the region of space occupied by the cued object. This was true not only when the probe appeared in positions separated from the cued location by an occluder (as demonstrated by Moore, Yantis, & Vaughan, 1998) but also when it appeared in positions on the occluder, itself. Thus, results suggest that cued facilitation spreads to regions of non-cued occluding objects that overlap cued occluded objects in twodimensional space.
Cued Visual Attention Does Not Distinguish Between
Occluded and Occluding Objects
Because the visual system receives far more information than it can interpret effectively at any given moment, it has developed processes of selection that increase the accessibility of certain portions of input at the expense of others. How the visual system identifies a portion of to-be-selected input has been the subject of considerable debate (e.g., Duncan, 1984; Kramer, Weber, & Watson, 1997; Posner, Snyder, & Davidson, 1980; Vecera & Farah, 1994) . Nevertheless, several recent studies have indicated that both perceptual organization and spatial location can influence visual selection (Egly, Driver, & Rafal, 1994; Kramer & Jacobson, 1991; Lavie & Driver, 1996; Vecera & Farah, 1994) . The work we describe here provides further evidence for the interaction of space-based and object-based factors in visual attention.
In this paper we are concerned with how space-based attention (the enhancement of information processing at specific locations, e.g., Posner et al., 1980) operates upon visual objects that are partially occluded by other objects appearing in front of them. In particular, we are interested in how space-based attention acts upon those regions of input in which occluding and occluded objects overlap. Such a region presents somewhat of a paradox to the visual system, as it subsumes a set of locations that "belongs" in some sense to both objects. This situation prompts us to ask the following question: Can the visual system attend to the inferred portions of an occluded object without at the same time attending to the corresponding region of the occluding object in front of it? To exclude this region from the focus of attention would be contrary to the goals of an attentional system that is attempting to select the entire region of input occupied by the occluded object. However, amodal completion (the inferring of occluded portions of an object) requires that the visible portions of an occluded object be considered separate from the occluder lying in front of the invisible region that joins them. To include the occluder in the focus of attention would seem to counteract this computational demand.
We addressed this question using Egly et al.'s (1994) version of the standard cued probe detection task (e.g., Posner et al., 1980) . Numerous results obtained with the standard task indicate that participants are quicker and more accurate to respond to probes presented at or near a cued location (Henderson, 1991; Posner et al., 1980) . This "cue validity effect" (so-called because enhancement occurs when cues validly predict target location) is generally attributed to the allocation of space-based attention to the cued area (Posner et al., 1980) . However, Egly et al. showed that a cue presented in one region of an object facilitated probe detection in other non-cued regions within the object, as well. Their displays contained two rectangles in which the distance between opposite ends of a single rectangle was equal to that between the same ends of different rectangles (see Figure 1a for an example of their stimuli).
On each trial one of the ends of one of the rectangles brightened briefly, after which a target square appeared at one of the rectangle ends. While targets were detected most rapidly at previously-cued locations, targets at the non-cued ends of cued rectangles were still detected faster than those appearing within non-cued rectangles.
For example, if location A were cued in Figure 1a , probe detection would be fastest at location A (cued location), slower at location B (within-object location), and slowest at location C (between-object location). Egly et al. attributed this "withinobject" benefit to the allocation of an object-based attention. ______________________________________________________________
Insert Figure 1 about here ______________________________________________________________ Nevertheless, while Egly et al.'s (1994) results clearly imply that cuing directs attention to regions of input associated with entire objects, it is probable that the attention it directs is still spatial in nature. Vecera (1994) demonstrated that reaction times to invalidly cued probes appearing in non-cued rectangles (as in location C in Figure 1a ) decreased as the distance separating the two rectangles decreased. This result indicated that the paradigm was still susceptible to the same proximity manipulations as observed in other cued probe detection studies (e.g. Henderson, 1991; Henderson & Macquistan, 1993) . Moreover, Egly et al. (1994) reported that patients with left parietal lobe damage were unusually slow at detecting probes appearing on their contralesional side in non-cued objects, suggesting that the effect is at least partly mediated by left hemispheric parietal representations.
Evidence from neuropsychology (e.g., Posner, Walker, Friedrich, & Rafal, 1984) , neurophysiology (Gottlieb, Kusunoki, & Goldberg, 1998; Steinmetz & Constantinidis, 1995) , and neuroimaging (Corbetta, Kincade, Ollinger, McAvoy, & Shulman, 2000; Corbetta, Miezin, Dobmeyer, Shulman, & Petersen, 1991; Corbetta, Miezin, Shulman, & Petersen, 1993) has led theorists to suggest spatial representations in parietal cortex and other areas in the dorsal visual stream (Ungerleider & Mishkin, 1982) are involved in the mediation of space-based attention (e.g., Desimone & Duncan, 1995; Posner & Peterson, 1990) . Vecera (1994) suggested a model in which object representations identify regions of input associated with the same perceptual configurations (e.g., objects or collections of objects forming salient groups) while spatial representations prime processing of information appearing in these locations (i.e., space-based attention is allocated to these positions); other researchers have offered similar proposals for interactive visual attention networks (e.g., Behrmann & Haimson, 1999; Desimone & Duncan, 1995; Farah, 1990; Humphreys & Riddoch, 1993; Phaf, van der Heijden, & Hudson, 1990) . Thus, by virtue of perceptual organization, uncued portions of cued objects become associated with cued portions, allowing space-based attention to facilitate processing in locations occupied by both the latter and the former. It may actually be that attention spreads from cued to non-cued locations over time (e.g., Avrahami, 1999; Neely, Dagenbach, Thompson, & Carr, 1998; Saiki, 1997) , following the contour of the object in a manner similar to the curve tracing operation described by Jolicoeur and colleagues (Jolicoeur, Ullman, & Mackay, 1986; McCormick and Jolicoeur, 1992) . However, the parallel between attention spreading and curve tracing should not be over-emphasized; while attention may spread along the contour of an object following cuing, it is not clear that its purpose is to determine whether all points along the contour are connected, as it is with Jolicoeur et al.'s curve tracing operator. Moore, Yantis, and Vaughan (1998) recently demonstrated that attention spread from cued to non-cued ends of occluded objects in three-dimensional displays. In Experiment 1 they presented participants with rectangle displays similar to those of Egly et al. (1994) . However, in critical blocks, the centers of the two rectangles were occluded by a third rectangle presented in the center of the display and oriented perpendicular to the other two (see Figure 1b for an example of their stimuli). Moore et al. presented stimuli under stereoscopic conditions in order to create the impression that the occluded rectangles and occluding rectangle appeared on two different depth planes, with the occluding rectangle closer to the viewer; occluding and occluded objects occupied the same two-dimensional region of space but different three-dimensional regions of space. Participants were quickest to report the identity of a target when it appeared at the cued end of the cued rectangle, and they were faster to identify an invalidly cued target when it appeared at the noncued end of the cued rectangle ( Figure 1b , location B) than in either end of the noncued rectangle (e.g., Figure 1b , location C). Moreover, results were identical under both occluded and non-occluded conditions. Thus, cued attention appeared to spread to portions of input containing visible parts of occluded objects.
We sought to determine whether attention would also spread to portions of input in which a cued occluded object is hidden. As we noted, such a region (as in the area enclosed by dotted lines in Figure 1b ) should logically be assigned to the occluding object that appears in front. In order for space-based attention to avoid selecting part of this non-cued object, it would need to "pass over" the occluding region, thereby dividing its focus between the visible portions of the cued object behind it. There is some evidence that participants may allocate attention to multiple non-contiguous locations simultaneously (e.g., Castiello & Umiltà, 1992; Cave & Pashler, 1995; Kramer & Hahn, 1995; Wright, 1994 ; for conflicting evidence, see McCormick, Klein, & Johnston, 1998) . However, an occluded object appears to occupy a single set of locations encompassing both its visible and inferred portions, and it is not clear that space-based attention may be split between noncontiguous locations subsumed by the same object. Driver (1997a, 1997b ) did demonstrate that attention may exclude an occluder when the object behind it is cued or selected in three-dimensional stereoscopic displays, but these results may indicate only that attention is depth-or surface-specific (e.g., Atchley, Kramer, Andersen, & Theeuwes, 1997; Downing & Pinker, 1985; He & Nakayama, 1995) . Cuing could have directed attention to a single set of locations in threedimensional space that included inferred portions of the occluded object lying behind the occluder.
As a result, we used two-dimensional displays of overlapping objects containing only pictorial cues for amodal completion. While pictorial cues allow participants to infer the existence of the hidden portions of occluded figures, they should not override other cues such as binocular disparity which indicate that occluded and occluding objects lie along the same flat plane in three-dimensional space (i.e., the computer monitor). Thus, an occluding object should appear to occupy the same locations as the occluded object in the region in which they overlap. If space-based attention is then allocated to all of the locations occupied by the occluded object, then the occluding region will receive cued facilitation even though it "belongs" to a different object than the one whose locations are actually being selected. We hypothesized that cuing an occluded object would facilitate the detection of a probe appearing anywhere within the set of locations that the object subsumed, including both shared (as in location D in Figure 1b Ten observers naive to the goals of the experiment provided their phenomenological impressions of the displays. All 10 reported that displays contained four bent rectangles intertwined, with each rectangle appearing either above or below two other rectangles. Their descriptions agreed with those of participants in the actual experiment, as well. These reports suggest that displays did encourage amodal completion of occluded objects, such that two disconnected ends appeared to be connected behind the object that appeared in front of them.
______________________________________________________________
Insert Figure 2 about here ______________________________________________________________ There were two sets of two displays at each orientation, for a total of eight different versions of the stimulus. In one set, the yellow hockey stick in each pair appeared on top of the blue one at the point at which they crossed; in the other set, the blue hockey stick appeared on top. In each set, a given pair of hockey sticks appeared once in front of the other pair at the points at which their members intersected and once behind them. The two stimulus sets for horizontal displays are shown in Figures 2b-e.
As described above, each set of stimuli contained two versions of displays in which hockey sticks of a given color appeared in front at within-pair crossing points.
In the set of displays depicted in Figure 2b and 2c, the yellow hockey sticks are in front. Note that in Figure 2b , the hockey sticks in the pair to the left of fixation are in front at the point at which they intersect the hockey sticks in the pair to the right of fixation. If a cue were presented on the yellow stick in the left pair in this display, it would appear on a non-occluded object. In contrast, if it were presented on the yellow stick in the right pair, it would appear on an occluded object. As shown in Figure 2c , the opposite is true for the other display in this stimulus set.
Thus, both non-occluded and occluded conditions were represented across of set of displays. Note that unlike in Moore et al. (1998) , displays in this experiment did not contain an occluder object that could never be cued. Instead, every object could be cued, and every object could serve as an occluder. 
Procedure
Stimulus presentation and data collection were controlled by PsyScope software (Cohen, MacWhinney, Flatt, & Provost, 1993) . Each trial began with the presentation of a stimulus display. Participants viewed displays from a distance of approximately 100 cm. They were instructed to focus their eyes on the central fixation cross. After 1000 msec, the border surrounding the end of one of the thin rectangles was cued. The border returned to its previous color after 100 msec, and the probe dot appeared 50 msec later. Participants were instructed to press a button on a PsyScope-compatible button box as soon as they detected the onset of the probe; the button box recorded reaction time (RT) with msec accuracy. Probes remained on the screen until participants responded or until 1500 msec had elapsed.
Participants were instructed to withhold responding during catch trials. Trials were separated by an ISI of 700 msec.
Participants received an error tone when they responded during a catch trial or at any point before 100 msec had elapsed subsequent to probe onset. The latter was intended to discourage participants from making anticipatory responses (which were removed subsequently from analysis). Trials during which participants did respond within this time window were subsequently rerun at some random point within the block.
Participants received 16 practice trials at the beginning of the experiment. Previous cuing studies have found similar orientation-dependent effects on RT (e.g., Kröse & Julesz, 1989) . These orientation effects may reflect any number of factors, including a denser distribution of retinal ganglion cells in the horizontal than vertical periphery (Perry, & Cowey, 1985) or a tendency to deploy attention in a horizontal direction during reading. Because there were no other interactions with orientation and the direction of the object trend was the same for both orientations (i.e., both showed a within-object benefit), data were collapsed across orientation for further analysis.
The main objective of this experiment was to determine whether the effect of occlusion on within-object benefits differed depending on which region of the object was probed. Mean RTs are depicted in Figure 3a for non-occluded displays and Figure 3b for occluded displays. As is evident, the three-way interaction of object x sharing x occlusion, which was not significant, F(1,23) = 1.83, MSE = 318.57,.19.
We also conducted a series of planned comparisons between treatment means of interest; alpha levels were corrected by means of the Holm procedure for multiple comparisons. Within-object RT benefits were significant in both shared and nonshared positions in both non-occluded and occluded conditions. Condition WS was faster than BS for non-occluded, t(23) = 2.45, p < .03, and occluded, t(23) = 2.61, p < .02, displays, and WN was faster than BN for non-occluded, t(23) = 3.98, p <
.0001, and occluded, t(23) = 2.42, p < .03, displays. Moreover, occlusion had no influence on cuing effects in either shared or non-shared regions of space; there was no significant difference between within-object benefits for occluded and non- This experiment yielded several important results. First, we found that participants responded fastest to probes in validly cued locations, demonstrating that cues were effective in drawing attention to the locations in which they appeared (as is typically found in cued probe detection experiments, e.g., Henderson, 1991) .
Moreover, participants were quicker to detect probes appearing in non-cued locations encompassed by the cued object than in those occupied by the non-cued object, replicating the original results of Egly et al. (1994) . We obtained evidence of this within-object benefit for the detection of probes in invalidly cued locations under a number of different conditions. In both non-occluded and occluded displays, probe detection was faster for within-object compared with between-object positions in non-shared regions of space. This effect replicates that of Moore et al. (1998) and generalizes their results to non-stereoscopic displays with only pictorial depth cues. Most importantly, we found a within-object benefit for shared positions in both non-occluded and occluded displays, as hypothesized. 2 Our finding of faster probe detection in shared regions of occluded displays may seem paradoxical at first. Previously suggested accounts of object-based cuing (e.g., Egly et al., 1994; Vecera, 1994) have attributed the effect to a space-based attention mechanism that selects just those subsets of input that depict cued objects.
However, it is unlikely that processes of perceptual organization could have assigned the occluding region of input to the cued object behind it; participants in the experiment as well as 10 additional observers reported that occluded objects continued underneath their occluders, suggesting that the displays did encourage amodal completion. Therefore, in order for a space-based attention mechanism to have selected only those locations associated with a cued occluded hockey stick, it would need to have excluded the occluding region. The within-object benefit for shared positions in occluded displays suggests that it did not. Nevertheless, as we proposed above, this result is perfectly in keeping with properties attributed to space-based attention. Space-based attention is alleged to perform selection by priming the processing of information in a specific set of locations (e.g., Posner et al., 1980) , potentially via feedback from higher-level spatial representations to early representations of visual input (e.g., Farah, 1990; Humphreys & Riddoch, 1993; Vecera & Farah, 1994 ). An occluded object appears to occupy a single set of locations that encompasses both its visible and inferred portions. If the representation of this set of locations serves as the space-based mechanism of selection, then space-based attention will prime processing of information within the entire region of space depicted in this representation.
Although one can infer that occluded and occluding objects lie at different depths in flat displays, the inference is cognitive and does not yield an actual percept of distinct surfaces. Therefore, the occluding object can appear to subsume the same set of locations as the occluded object in the region where they overlap, and any information appearing within this region will be primed by the spatial representation of the occluded object.
Note that participants and the 10 additional observers reported that probes presented at WS in occluded displays appeared to lie on the occluding object rather than on the occluded object. None were uncertain about the object on which a probe rested. Stimuli clearly appeared in flat displays, as well. Other than pictorial superposition, there were no cues (e.g., binocular disparity, contextual information from the experimental surroundings, real-world knowledge, etc.) that could have suggested that occluded and occluding objects appeared at different depths. Thus, neither the pictorial interpretation of the scene nor physical interpretation of the surface were ambiguous; they merely conflicted, and we argue that participants could maintain such conflicting interpretations simultaneously without interference.
One encounters two-dimensional scenes that portray three-dimensional spatial relationships fairly often in visual art. Observers generally experience little difficulty understanding the implied three-dimensional characteristics of the depicted scene while at the same time accurately assessing the actual structure of the physical environment.
We suggest that the ability to hold simultaneously conflicting interpretations partially reflects a separation (perhaps neuroanatomical, e.g., Ungerleider & Mishkin, 1982) between representations that depict those relationships defined by perceptual organization and those defined by spatial location. The former distinguish portions of input relating to the attended occluded object from those associated with the occluder, while the latter encode the set of locations that the occluded object occupies (which includes its inferred region). Pictorial cues indicating the superposition of the occluder are irrelevant to the spatial representation; thus, it provides feedback indiscriminately to all locations it depicts.
Because we obtained evidence of within-object benefit in shared occluded positions, we contend that space-based attention cannot actually distinguish between superimposed objects that possess only pictorial depth cues (contrary to a proposal suggested by Posner in response to work by Duncan, 1984) . If space-based attention is limited in this way, then only object-based attention (enhanced processing of the representations of specific objects, e.g., Duncan, 1984) could underlie selection among overlapping stimuli (e.g., Behrmann, Zemel, & Mozer, 1998; Duncan, 1984; Goldsmith, 1998; Vecera & Farah, 1994) . Kramer et al. (1997) did demonstrate that probe detection is facilitated in locations previously occupied by overlapping stimuli. Thus, space-based attention may still be allocated during the processing of superimposed objects; however, we propose that it must play only a supporting role during selection.
The results of this study suggest a number of directions for future research.
It remains to be determined whether spatial priming spreads to other regions of the occluding object that do not overlap the cued occluded object. Further studies could also explore the degree to which spatial priming transfers to occluded regions when additional cues such as motion or binocular disparity distinguish occluded and occluding surfaces. It would be interesting to examine probe detection in stereoscopic displays with transparent occluders, as well, to verify that attention is actually allocated to positions behind the occluder in three-dimensional displays. In general, this experiment has identified a potential limitation to space-based attention, and it demonstrates the need for further investigations into the contributions of space-and object-based attentional mechanisms. As this and other studies (e.g., Behrmann et al., 1998; Duncan, 1984; Kramer et al., 1997; Vecera & Farah, 1994) have already shown, occlusion and superimposition will provide useful tools for disambiguating space-and object-based components.
Footnotes 1 Miller (1988) demonstrated that the medians of right-skewed distributions may increasingly overestimate the mean as sample size decreases. Because there were fewer invalid than valid trials in this experiment, an analysis of cell medians could have yielded an exaggerated measure of the true validity effect (invalid RTs could have appeared to be even larger than valid RTs under these conditions).
However, we obtained equivalent results when we re-analyzed these data using treatment means instead of medians. Again, only the main effect of cue validity was significant, F(1,23) = 19.77, MSE = 381.45, p < .0005. Participants were still faster to respond to probes appearing in cued locations (valid RT = 306.11 msec, SE = 4.06) than they were to those appearing in non-cued locations (invalid RT = 318.64 msec, SE = 4.74). 2 We replicated the results of this experiment in a pilot study that utilized non-stereoscopic displays that were more similar to those of Moore et al. (1998) .
Stimuli were pairs of horizontal or vertical rectangles that appeared above or below a third rectangle oriented perpendicular to the other two; this third "occluder rectangle" contained a small opening in its center through which the fixation point was visible. As in Moore et al., the occluder rectangle was never cued; however, in our experiments probes could appear in locations on the occluder that overlapped rectangles behind it.
We obtained a validity effect of 14.68 msec, F(1,15) = 57.02, MSE = 120.95, p < .0005 (these results were conducted with treatment medians although analyses with treatment means yielded equivalent results). There was also a main effect of sharing, F(1,23) = 9.02, MSE = 249.42, p = .006, reflecting a decrease in RT for shared compared with non-shared positions [(shared RT = 314.48 msec, SE = 3.54) vs (non-shared RT = 319.33 msec, SE = 3.39)]; as in the main experiment, this difference may be directly attributable to the increased distance from fixation for non-shared positions. Finally, planned comparisons yielded evidence for withinobject benefits (alpha levels were corrected by means of the Holm procedure for multiple comparisons). WS was 12.70 msec faster than BS for non-occluded displays, t(15) = 5.06, p < .0001, and 19.51 msec faster for occluded displays, t(15) = 3.29, p < .005, displays. Moreover, WN was 11.48 msec faster than BN for nonoccluded displays, t(15) = 2.98, p < .01, and 8.3 msec faster for occluded displays, t(15) = 2.15, p < .05. Importantly, there were no significant differences between within-object benefits for occluded and non-occluded displays in either non-shared (BN-WN), t(15) = 0.58, p > .05, or shared (BS-WS), t(15) = 1.25, p > .05, positions.
The non-significant trend towards a larger within-object benefit for shared positions in occluded displays is somewhat puzzling. It primarily reflects smaller RTs for WS in occluded (274.5 msec) than non-occluded (280.2 msec) displays.
Although we have no explanation for this reduction, we did not obtain this result in the main experiment, and we do no feel that it suggests any alternative account of our basic findings. Egly, Driver, and Rafal (1994) and (b) Moore, Yantis, and Vaughan (1998) . Shows hypothetical region of space occupied by both the cued rectangle and central occluder. 
